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ABSTRACT 1 6 4 L 6  

An a n a l y s i s  of a small phase s h i f t ,  v o l t a g e  

c o n t r o l l e d  a t t e n u a t o r ,  s u i t a b l e  f o r  a u t o m a t i c  g a i n  

c o n t r o l ,  i s  p r e s e n t e d .  

The f a c t o r s  which a f f e c t  the  r e l a t i o n s h i p  of 

t h e  a t t e n u a t i o n  t o  t h e  phase s h i f t  are found ana  

c r i t e r i a  are  developed f o r  s e l e c t i n g  c i r c u i t  parameters 

t o  g i v e  minimum phase change f o r  a g i v e n  a t t e n u a t i o n .  

- 

~ 
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1. INTRODUCTION 

1.1 O r i g i n  o f  t h e  Problem 

I n  a proposed r o c k e t  experiment  by Nisbet  

e t  a1 . , (1960) ,  measurements are made o f  t h e  

r e l a t i v e  phase s h i f t s  of r a d i o  waves propa-  

gated between two s e c t i o n s  o f  a h igh  a l t i t u d e  

research r o c k e t .  It was shown t h a t  these phase 

s h i f t s  are d i r e c t l y  related t o  t h e  e l e c t r o n  d e n s i t y  

a l o n g  t h e  p r o p a g a t i o n  p a t h  between the two. S i g n a l s  

a t  each  of  t h e  th ree  f r e q u e n c i e s  a t  t he  main r o c k e t  

s e c t i o n  are amplif ied and compared in phase. 

The ampl i tude  o f  these s ignals  w i l l  v a r y  due t o  t h e  

i n c r e a s i n g  p a t h  l e n g t h ,  changing e f f e c t i v e  area of 

t h e  an tenna ,  and due t o  i o n o s p h e r i c  d e t u n i n g  of t h e  

a n t e n n a s .  It i s  n e c e s s a r y  t o  be ab le  t o  make a 

measurement o f  t h e  phase unper turbed  by these e f f e c t s .  

It is a l s o  n e c e s s a r y  f o r  t h e  measurement o f  secondary  

parameters i n  t h i s  exper iment  t o  have i n f o r m a t i o n  

on t h e  s i g n a l  i n t e n s i t y  as a f u n c t i o n  o f  t i m e  and a 

s i g n a l  s t r e n g t h  o u t p u t  i s  r e q u i r e d .  

The exper iment  i s  t o  b e  conducted u s i n g  a 

r e s e a r c h  r o c k e t  i n  which payload weight is a t  a 

premimum. These r equ i r emen t s  on payload  and s p a c e  

are such  tha t  t r a n s i s t o r i z e d  c i r c u i t r y  is mandatory.  

I n  o r d e r  t o  a c h i e v e  t h e  desired accuracy ,  t h e  

maximum phase s h i f t  f o r  each c h a n n e l  i s  r e q u i r e d  t o  
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b e  l e s s  t h a n  - + 1 5  degrees when compared t o  t h e  

r e f e r e n c e  i n t e r m e d i a t e  f r e q u e n c y ,  A f u r t h e r  

requi rement  i s  a maximum g a i n  of 72 db. ,  w i t h  a n  

au tomat i c  g a i n  c o n t r o l  ( A G C )  p r o v i d i n g  a c o n s t a n t  

o u t p u t  w i t h i n  3 db . ,  o v e r  a dynamic r a n g e  o f  6 0  db .  

It i s  t h e r e f o r e  des i r ab le  t o  have a t r a n s -  

s i s t o r i z e d  r e c e i v e r  w i t h  a l a rge  dynamic r a n g e  o f  

AGC and a v e r y  small i n t e r n a l  phase s h i f t ,  

I t  shou ld  b e  no ted  t h a t  though t h e  r e q u i r e -  

ment g e n e r a t i n g  t h i s  problem i s  ra ther  s p e c i a l i z e d ,  

many o t h e r  a p p l i c a t i o n s  such  as i n  d i r e c t i o n  f i n d i n g  

equipment r e q u i r e  r e c e i v e r s  hav ing  small phase s h i f t s  

o v e r  wide r a n g e s  o f  i n p u t  s i g n a l  s t r e n g t h .  

1 . 2  GENERAL STATEMENT OF THE PROBLEM 

I n  r e c e i v e r s  used f o r  phase measurements i t  i s  

n e c e s s a r y  t o  minimize t h e  i n t e r n a l  phase d i s t o r t i o n  

w h i l e  p r o v i d i n g  a n  AGC s y s t e m  which a u t o m a t i c a l l y  

v a r i e s  t h e  t o t a l  a m p l i f i c a t i o n  and m a i n t a i n s  t h e  

power o u t p u t  a lmos t  c o n s t a n t  f o r  l a rge  v a r i a t i o n s  

o f  i n p u t  s i g n a l  s t r e n g t h s ,  

When t h e  AGC s i g n a l  a c t s  t o  a l t e r  t h e  bias cond- 

i t i o n s  i n  c o n t r o l l i n g  t r a n s i s t o r  g a i n ,  t h e  r e s u l t a n t  

e f f e c t s  a re  a s h i f t  i n  bandwidth and i n  c e n t e r  

f r equency  due t o  changes  i n  t h e  i n p u t  and o u t p u t  

impedances.  A summary o f  l i t e r a t u r e  r e l a t i n g  t h e  

methods which have been  used i s  g i v e n  i n  S e c t i o n  1 . 3  . 
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The problem, t h e n ,  i s  t o  f i n d  a n  AGC s y s t e m  capable 

o f  p r o v i d i n g  e a s i l y  c o n t r o l l e d  a t t e n u a t i o n  and minimum 

phase s h i f t .  I n  a d d i t i o n ,  t h i s  d e v i c e  shou ld  be o f  minimum 

s i z e ,  weight,  t e m p e r a t u r e  s e n s i t i v i t y  and complex i ty .  

1.3 REVIEW O F  THE LITERATURE PERTINENT TO TRANSISTOR 

AUTOMATIC G A I N  CONTROL SYSTEMS 

1 .3 .1  FORWARD AND REVERSE AGC 

The most common method o f  g a i n  c o n t r o l  i s  t ha t  i n  

which t h e  bias c o n d i t i o n s  o f  t h e  t r a n s i s t o r  are c o n t r o l -  

l ed .  The g a i n  may be v a r i e d  by changing t h e  emit ter  c u r r e n t  

o r  t h e  c o l l e c t o r  v o l t a g e ;  each of these t e c h n i q u e s  r e s u l t s  

i n  a change i n  bandwidth and a s h i f t  i n  c e n t e r  f r e q u e n c y .  

B l e c h e r  (1953)  demons t r a t ed  t h a t  t h e  g a i n  of a t r a n s -  

i s t o r  c o u l d  be v a r i e d  by  changing  t h e  d i r e c t  c u r r e n t  i n  

t h e  emitter-base j u n c t i o n  

Chow and S t e r n  (1955)  i n v e s t i g a t e d  g a i n  c o n t r o l  by 

chang ing  t h e  c o l l e c t o r  v o l t a g e  o r  emit ter  c u r r e n t  and 

d i s c u s s e d  t h e  r e s u l t i n g  e f f ec t s  upon t h e  t r a n s i s t o r  para- 

meters. T h i s  paper  a l s o  showed t h a t  fo rward  AGC (emit ter  

c u r r e n t  c o n t r o l )  w a s  accompanied by i n c r e a s i n g  i n p u t  and  

o u t p u t  impedances which caused  a decrease i n  bandwidth 

and a s h i f t  i n  c e n t e r  f r equency .  Reverse AGC(col1ector  

v o l t a g e  c o n t r o l ) ,  however, showed t h e  e f f e c t s  of decreas- 

i n g  i n p u t  and o u t p u t  impedances r e s u l t i n g  i n  a n  i n c r e a s e  

i n  bandwidth and a 
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s h i f t  i n  c e n t e r  f r e q u e n c y ,  It  was concluded  t h a t  i n  

c a s e s  where i t  i s  d e s i r a b l e  t o  keep t h e  bandwidth 

c o n s t a n t  i s  i s  n e c e s s a r y  t o  p l a c e  t h e  f r equency  

s e l e c t i v e  c i r c u i t s  i n  s tages  n o t  a d j o i n i n g  c o n t r o l l e d  

s t a g e s ,  

Se l iga  (1961)  e t  a l , ,  have shown t h a t  t h e  

m a g n i t u d e s  of  t h e  phase s h i f t s  f o r  fo rward  and 

reverse  AGC s y s t e m s  wepe n e a r l y  e q u a l  f o r  e q u a l  

changes I n  g a i n ;  t h e  s e n s e s  of' t h e  p h a s e  s h i f t  f o r  

t h e s e  c o n d i t i o n s  a re  d i f f e r e n t  however, s u g g e s t i n g  

a p o s s i b l e  method of  phase compensa t ion ,  

I n  SeligaOs p a p e r  i t  was shown t h a t  f o r  a n  P l  mc/s 

a m p l i f i e r  s tage  and a 30 d b ,  change o f  a t t e n u a t i o n ,  

forward AGC produced a phase s h i f t  o f  70 d e g r e e s ,  

w h i l e  r e v e r s e  AGC produced a phase s h i f t  o f  - 60 deg, 

1,3.2 ATTENUATORS EXTERNAL TO THE TRANSISTOR 

H u r t f g  (1955)  deve loped  a c i r c u i t  t o  l i m i t  

changes i n  bandwidth b y  p l a c i n g  a d i o d e  in para l l e l  

(from t h e  a , c ,  v i e w p o i n t )  w i t h  t h e  emi t te r  d i o d e  of 

t h e  t r a n s i s t o r ,  T h i s  scheme d i v i d e s  t h e  s i g n a l  c u r r e n t  

between t h e  d f o d e s  i n  acco rdance  w i t h  t h e  AGC s i g n a l  

i n  such  a way t h a t  t h e  conduc tance  o f  t h e  d i o d e  comb- 

i n a t i o n  remains  e s s e n t i a l l y  c o n s t a n t ,  

A t  9 mc/s t h i s  c i r c u i t  produced a 40 kc / s  change i n  

bandwidth ( B O W o  = 1,4 mc/s) and a change i n  c e n t e r  

f requency  of 72 kc/s f o r  42 d b ,  o f  a t t e n u a t i o n ,  
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Chow and Lazar (1959) used a system utilizing 

back-biased diodes in a bridge configuration. The 

method discussed in this paper i s  one which may 

be used to: 

1. Control a signal which has a dynamic range 

exceeding the capabilities of the first amplifier 

2. Reduce the net gain of the stage below unity 

3 .  Control gain where very low control power i s  

available. 

While the attenuation characteristics of the AGC 

network appeared to be satisfactory, no mention of 

i t s  frequency characteristics was made. 

1.4 CHOICE OF AUTOMATIC GAIN CONTROL SYSTEM 

It can be seen from the literature summary that 

the techniques used in the past have produced phase 

shifts which are larger than the maximum phase change 

tolerable in the proposed rocket experiment. 

The rather stringent phase shift requirements and the 

desire to keep the system simple precludes obtaining 

the gain variation by controlling the transistor 

parameters. 
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One s y s t e m  (Chow and L a z a r )  which had good 

a t t e n u a t i o n  c h a r a c t e r i s t i c s  ( 6 0  d b ,  a t t e n u a t i o n )  

also had t h e  p o t e n t i a l  of a small phase  change 

c h a r a c t e r i s t i c ,  I n  a d d i t i o n ,  i t  was s i m p l e  i n  d e s i g n ,  

c o n t r o l l e d  w i t h  low power, and s i m p l i f i e d  t h e  r e c e i v e r  

d e s i g n ,  Each r e c e i v e r  s t a g e  c a n  be o p e r a t e d  w i t h  

f i x e d  b i a s  c o n d i t i o n s ,  t h u s  p e r m i t t i n g  t h e  optimumiza- 

t i o n  of  g a i n ,  n o i s e  f i g u r e ,  bandwidth,  s t a b i l i t y ,  

and t h e  number o f  components n e c e s s a r y ,  

SPECIFIC STATEMENT OF THE PROBLEM 

1, To a n a l y z e  a v o l t a g e  c o n t r o l l e d  a t t e n u a t o r  

b r i d g e  c i r c u i t ,  i n  which t h e  a t t e n u a t i o n  i s  

o b t a i n e d  b y  b a l a n c i n g  a b r i d g e  c o n s i s t i n g  o f  two 

v o l t a g e  s e n s i t i v e  c a p a c i t y  d i o d e s  ( V S C D ) ,  

2 ,  To de te rmfne  t h e  f a c t o r s  which a f f e c t  t h e  

r e l a t i o n s h i p  o f  tRe a t t e n u a t i o n  t o  t h e  phase 

s h i f t  and t o  deve lop  c r f t e r f a  f o r  s e l e c t i n g  

c i r c u i t  parameters t o  g i v e  minimum phase change 

f o r  a g i v e n  a t t e n u a t i o n .  

3,To examine t h e  s t a b i l i t y  o f  t h e  c i r c u i t  under  

e n v i r o m e n t a l 2 h a n g e s  such  as t e m p e r a t u r e .  

4, To compare t h e  phase  c h a r a c t e r i s t i c  o f  t h i s  

method of  AGC w i t h  t h o s e  u s i n g  forward  and 

r e v e r s e  A G C .  
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2 .  P.ROCEDURE OF INVESTIGATION 

2 . 1  D E S I G N  OF THE ATTENUATOR 

2 .1 .1  BASIC PRINCIPLE OF OPERATION 

The AGC mechanism s e l e c t e d  c o n s i s t s  o f  a bridge 

a t t e n u a t o r  w i t h  a f i x e d  g a i n  r e c e i v e r  used as t h e  

d e t e c t o r .  I n  one arm of t h e  bridge a r e v e r s e - b i a s e d  

s i l i c o n  d i o d e  i s  i n c l u d e d  i n  such a manner t h a t  i t s  

c a p a c i t a n c e  can  be c o n t r o l l e d  by a d .c .  v o l t a g e .  By 

c o n t r o l l i n g  t he  d o c .  v o l t a g e ,  t h e  br idge  may be made 

t o  approach  t h e  b a l a n c e  c o n d i t i o n  i n t r o d u c i n g  a large 

a t t e n u a t i o n  between the  i n p u t  and o u t p u t  t e r m i n a l s .  

If t h e  d o c .  c o n t r o l  v o l t a g e  i s  d e r i v e d  from 

t h e  r e c e i v e r  o u t p u t ,  a n  au tomat ic  g a i n  c o n t r o l  

c h a r a c t e r i s t i c  may be o b t a i n e d  f o r  t h e  system. 

A c i r c u i t  which u s e s  t h i s  p r i n c i p l e  i s  shown 

i n  F i g u r e  1. The r eve r se -b ia sed  d i o d e s  ( c a p a c i t y  d i o d e s )  

and t h e  z e n e r  d i o d e s  are known t o  have t e m p e r a t u r e  

c o e f f i c i e n t s  which are, i n  g e n e r a l ,  small. To f u r t h e r  

r educe  t h e  t e m p e r a t u r e  e f f e c t s ,  similar d i o d e s  are used 

i n  each  arm of  t h e  br idge which t e n d s  t o  self-compensate  

f o r  temperature v a r i a t i o n s .  

Zener  d i o d e s  are used t o  p r e v e n t  damage t o  t h e  

c a p a c i t y  d i o d e s  due t o  e x c e s s i v e  r e v e r s e - b i a s .  
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The z e n e r  d i o d e s  a l s o  e n s u r e  tha t  e q u a l  bias v o l t a g e s  

are  p r e s e n t e d  t o  t h e  c a p a c i t y  d i o d e s  under  t h e  c o n d i t i o n  

o f  maximum c o n t r o l  v o l t a g e .  

A small trimmer capaci tor  c a n  be  placed i n  

pa ra l l e l  w i t h  t h e  f i x e d - b i a s  diode t o  compensate  f o r  

d iss imilar  v o l t a g e  c h a r a c t e r i s t i c s  o f  p r a c t i c a l  z e n e r  

and c a p a c i t y  d i o d e s  and t o  p r e v e n t  t h e  p o s s i b i l i t y  

o f  g o i n g  beyond t h e  b a l a n c e  p o i n t .  

The br idge t r a n s f o r m e r  w i t h  a b i f i l a r  wound 

secondary  i s  used t o  take t h e  p l a c e  o f  p a s s i v e  e l e m e n t s  

i n  t h e  arms o f  t h e  u s u a l  b r i d g e  c i r c u i t  c o n f i g u r a t i o n .  

The t r a n s f o r m e r  used i n  t h i s  manner e l i m i n a t e s  some 

power l o s s  and p r o v i d e s  a n  a c c u r a t e l y  b a l a n c e d  s o u r c e  

impedance. An e l e c t r o s t a t i c  s h i e l d  i s  i n c o r p o r a t e d  i n  

t h e  t r a n s f o r m e r  t o  r e d u c e  t h e  c a p a c i t i v e  c o u p l i n g  

between t h e  p r i m a r y  and secondary  windings .  
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2.1.2 D E R I V A T I O N  OF THE ATTENUATOR EQUATIONS 

A schemat i c  d iagram o f  t h e  b r i d g e  a t t e n u a t o r  

network i s  shown i n  F i g u r e  1 and i t s  e q u i v a l e n t  c i r c u i t s  

i n  F i g u r e  2 .  

I t  has been found t h r o u g h  open c i r c u i t  and 

s h o r t  c i r c u i t  impedance t e s t s  t h a t  t h e  l e a k a g e  

r e a c t a n c e  o f  t h e  t o r o i d a l  t r a n s f o r m e r  i s  n o t  n e g l i g i b l e ,  

g i v i n g  r i s e  t o  a c o e f f i c i e n t  o f  c o u p l i n g  o f  abou t  

0 . 5  . To i n c l u d e  t h e  e f f e c t  o f  t h i s  l e a k a g e  and t h e  

phase i n v e r s i o n  c h a r a c t e r i s t i c s ,  t h e  p r a c t i c a l  t r a n s -  

former  has been r e p l a c e d  i n  t h e  a n a l y s i s  b y  a n  e q u i v a l e n t  

network and a n  i d e a l  t r a n s f o r m e r .  

The s e r i e s  r e s i s t a n c e  o f  t h e  p r imary  and 

secondary  and t h e  t r a n s f o r m e r  c o r e  loss (Qo= 1 5 0  a t  

54 mc/s) a re  n e g l e c t e d ,  

I n t e r w i n d i n g  c a p a c i t a n c e  has been r educed  by  

u s i n g  a minimum number o f  spaced  t u r n s  on p r imary  

and  secondary  s i d e s  o f  t h e  t r a n s f o r m e r .  These measures  

reduced t h e  c a p a c i t a n c e  below 4 p f . ,  s o  t h e  e f f e c t s  

a r e  n e g l e c t e d  i n  t h e  subsequen t  a n a l y s i s .  

3 The z e n e r  d i o d e s  and t h e i r  bypass  c a p a c i t o r s  C 

and  C4 are  a,c, s h o r t  c i r c u i t s  a t  t h e  f r equency  of 

o p e r a t i o n  and t h e r e f o r e  are  n o t  shown i n  t h e  e q u i v a l e n t  

c i r c u i t .  

Impedances Z1 and Z 2  r e p r e s e n t  t h e  f i x e d - b i a s  

and c o n t r o l l e d - b i a s  c a p a c i t y  d i o d e s  r e s p e c t i v e l y .  
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The Thevenin e q u i v a l e n t  f o r  t h e  c i r c u i t  o f  

F igu re  2B, i s  a g e n e r a t o r  w i t h  open c i r c u i t  v o l t a g e  

e = e  Z 
t g m  

P 
z +zm+zg 

and a n  impedance 

= e  S 
Q 

Z = Z ( Z + Z )  = ( Z + Z ) S  
t m g p  g P  

z +z +z 
P m g  

where Z = m a g n e t i z i n g  impedance 
m 

Z p =  p r i m a r y  leakage impedance 

Z = g e n e r a t o r  impedance 

e = g e n e r a t o r  v o l t a g e  

e t=  e q u i v a l e n t  Thevenin v o l t a g e  

Z t =  e q u i v a l e n t  Thevenin impedance 

and N = t r a n s f o r m e r  t u r n s  r a t i o ,  p r imary  t o  

g 

€5 

1 / 2  s econdary .  

From t h e  loop  e q u a t i o n s  of F i g u r e  2 D ,  t h e  o u t p u t  

v o l t a g e  i s  
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2 where a= N Z t + Z s .  

Rearranging e q u a t i o n  3 ,  t h e  g a i n  o f  t h e  network i s  found 

t o  be  

G =  eo = NS(Z1-Z2) e 

1 2 d  

- 
eg 2 a + ~  +Z +Y (a+z1)(a+z2) 

S i n c  e "a i s  a complex impedance, l e t  

(4) 

a= R + j X  . 

The v o l t a g e  c o n t r o l l e d  impedance Z 2  can  be 

expressed as fo l lows :  

Z 2 = - j /  wC2 + R 

where K = 1/ WC2Q 

and c2= Kv-" 
g i v i n g  z2= vn - ( I /Q  -j). 

P r a c t i c a l  v a l u e s  o f  Q are g r e a t e r  t h a n  1 0 ;  so  t o  a 
K w  

first approximat ion  

Z2' - jVn/wK K t V n  

where V i s  t h e  c o n t r o l  v o l t a g e  

and K V  = -j/ K w  . 
The b r i d g e  network g a i n  equa t ion  5 a s  a f u n c t i o n  

of c o n t r o l  v o l t a g e  V, i s  g i v e n  by 



from e q u a t i o n  5 g i v i n g ,  

g~ = tan-1(zl-Z2) t tan''(ImS/ReS) - ( 8 )  

1 
I I 

So far  i n  t h i s  a n a l y s i s  i t  has been  assumed 

t h a t  t h e  d i o d e s  are  i d e n t i c a l .  I f  t h i s  i s  n o t  t h e  

case ,  t h e n  a n  a d d i t i o n a l  phase s h i f t  may b e  pro- 

duced due t o  t h e  d i f f e r e n c e  i n  t h e i r  l o s s  f a c t o r s  a t  t h e  

ba l ance  p o i n t .  T h i s  e f f e c t  i s  d i f f i c u l t  t o  es t imate  

t h e o r e t i c a l l y  as i t  is s o  dependent  on t h e  s i m i l a r i t y  

of t h e  c a p a c i t y  d i o d e  p a i r s  employed f o r  t h e  b r i d g e  

c i r c u i t .  These  d i f f e r e n c e s  w i l l  produce a small v o l t a g e  

o u t p u t ,  Vo,  a t  t h e  b a l a n c e  p o i n t  which w i l l  be  approx-  

i m a t e l y  9 0  degrees o u t  o f  p h a s e  w i t h  t h e  o u t p u t  v o l t a g e  

a t  t h e  p o i n t  of  minimum i n s e r t i o n  loss. The a d d i t i o n a l  

phase s h i f t ,  g J 2 ,  a t  t h e  p o i n t  where t h e  Vo l t age  o u t p u t  

I S  v m , l S  g i v e n  b y ,  s i n  0 6 Vo/Vm . 
The e f f e c t  of t h i s  a d d i t i o n a l  s o u r c e  o f  phase  

s h i f t  c a n ,  t h e n ,  s imply  be  measured i n  p r a c t i c e  by  

measuring t h e  maximum a t t e n u a t i o n  which c a n  b e  o b t a i n e d  

by v a r y i n g  t h e  c o n t r o l  v o l t a g e .  
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2 , 1 0 3  NOISE - 

The n o i s e  c o n t r i b u t e d  by t h e  b r idge  a t t e n u a t o r  

t o  t h e  complete  s y s t e m  i s  due p r i m a r i l y  t o  the  back- 

biased c a p a c i t y  d i o d e s ,  Noise g e n e r a t e d  by these 

d i o d e s  i s  made up of two sources ,  r e s i s t a n c e  n o i s e  

and s h o t  n o i s e ,  

The first i s  a v o l t a g e  sou rce ,  e,, whose mean s q u a r e  

v o l t a g e  i s  a f u n c t i o n  of t empera tu re  and t h e  i n t e r n a l  

- 

series r e s i s t a n c e  o f  t h e  d iode ,  

A second n o i s e  s o u r c e  has a n  e q u i v a l e n t  c u r r e n t  

g e n e r a t o r ,  whose mean s q u a r e  c u r r e n t ,  i2 i s  propor-  

t i o n a l  t o  t h e  d i o d e  r e v e r s e  c u r r e n t  as i t  r e p r e s e n t s  

- 
n D  

t h e  s h o t  n o i s e  f o r  t h e  j u n c t i o n ,  

The n o i s e  s o u r c e  e q u i v a l e n t  c i r c u i t  i s  shown 

i n  F i g u r e  3 ,  

S i n c e  these s o u r c e s  o f  n o i s e  are u n c o r r e l a t e d ,  

t h e i r  e f f e c t s  can  be added, 

The f o l l o w i n g  procedure  was used t o  o b t a i n  

t y p i c a l  magni tudes of t h e  n o i s e  g e n e r a t e d  by these 

d i o d e s  , 



.p. 
R 

NOISE EQUIVALENT CIRCUIT 

1 

F I G U R E  3 



-. 

e* = 4 kTR pf n 

- 1 7  - 
( 9 )  

- 
and ii = 2 q I r  Af 

The t o t a l  mean s q u a r e  o u t p u t  n o i s e  v o l t a g e  a t  t h e  

d e t e c t o r  i s  

where k = 1.38 xlO'*3 joule/OK., B o l t m a n ' s  c o n s t a n t  

T = 300°K. 

q = 1 . 6  x 1 0  -I9 coulomb 

R = 4 ohms, e q u i v a l e n t  ser-ies r e s i s t a n c e  of 

t h e  c a p a c i t y  d i o d e  

Rd= 15,000 ohms, maximum d e t e c t o r  r e s i s t a n c e  

4€= 1 k c / s , e q u i v a l e n t  n o i s e  bandwidth 

I,= 10-l '  amp., d i o d e  r e v e r s e  c u r r e n t  a t  

-16 v o l t s  b ias .  

Using t h e  above v a l u e s ,  e q u a t i o n  11 becomes, 

= (  9.6 xlO"*5 + 1 .31  X10 '  1 9 )  Lw. 

- 
2 
n 

- 
t h e n ,  S i n c e  i: e 

7 A 0.011 pv. 
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2.1.4 SENSITIVITY 

I n  o r d e r  t o  g a i n  some i n s i g h t  i n t o  t h e  

s e n s i t i v i t y  o f  t h e  c i r c u i t  t o  c o n t r o l  v o l t a g e , i t  is 

necessa ry  t o  f i n d  t h e  f i r s t  d e r i v a t i v e  o f  t h e  g a i n  and 

phase w i t h  r e s p e c t  t o  t h e  c o n t r o l  v o l t a g e .  

The second d e r i v a t i v e  o f  t h e  g a i n  e q u a t i o n  w i t h  

r e s p e c t  t o  t h e  c o n t r o l  v o l t a g e  i s  o f  impor t ance  i n  

de t e rmin ing  t h e  s e n s i t i v i t y  o f  t h e  s y s t e m  t o  para- 

meter  changes.  

2 . 1 . 4 . 1  RATE OF CHANGE OF NETWORK G A I N  WITH 

CONTROL VOLTAGE 

From e q u a t i o n  7 ,  

G= N S ( Z  -Z ) (14 1 
1 2  

( 23 x+z +z ) ( 1 + R Y d  ) +R ( 2+RYd +Yd ( j x + z 1 )  ( j  x+z2 
1 2  

L e t  A = l + R Y d  

B = R ( 2 t R Y d )  

c = Y d ( j x + z l )  

D = ' 2 j X + Z 1  

e q u a t i o n  1 4  becomes, 

G = N S ( Z l - Z 2 )  

( D + Z 2  ) A+B+C ( j X + Z 2  ) 
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a G  = -NS - 

t 
( D+Z2 ) A+B+C ( j X + Z 2  [ ( D + Z 2  )A+B+C (j X + Z 2  1 a Z 2  

so 

a G  - 
a z 2  

D i f f e r e n t i a t i n g  e q u a t i o n  

v o l t a g e  g i v e s ,  

a z 2  = nKfVn'I . 
av 
- 

The t o t a l  d e r i v a t i v e  o f  

c o n t r o l  v o l t a g e  i s  found 

6 

t he  

1 with r e s p e c t  t o  c o n t r o l  

(18) 

ga in  w i t h  r e s p e c t  t o  

from t h e  r e l a t i o n s h i p ,  

so 

2 .1 .4 .2  RATE OF CHANGE OF LOGARITHMIC G A I N  WITH 

CONTROL VOLTAGE 

A u s e f u l  q u a n t i t y  i n  c a l c u l a t i n g  t h e  t e m p e r a t u r e  

s e n s i t i v i t y  i s  t h e  ra te  o f  change o f  l o g a r i t h m i c  g a i n  

w i t h  r e s p e c t  t o  c o n t r o l  v o l t a g e .  

20 loglOG= 8.68 I n  G so  t h a t ,  
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df(G) = 8.68 d(ln G) = 8.68 1. dG 
dV dV F d V  ( 2 0 )  
- 

Using equations 7 and 19 in equation 20 there results, 

2.1.4.3 SECOND DERIVATIVE OF LOGARITHMIC GAIN 

WITH RESPECT TO CONTROL VOLTAGE 

Equation 21 of the preceding section is the 

first derivative of logarithmic gain with respect to 

control voltage. 

Starting with this equation, let 

E = -8.68nK' 

df(G) = EV"'I [NS+GF] 
dV 

NS(Z1- K'Vn) 

Differentiating equation 22, 

E(n-l)Vn'2[NS+GF]+EVn-1F(dG/dV) - + d2f(G) - 
dV2 NS(Z1-K'Vn) 

(23) 
EVn'l[N+GF][-NSnKtVn-l] (-1) 

[ NS( Z1-K'V") I2 
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R e a r r a n g i n g  e q u a t i o n  23, 

n-13 + 
dV2 dV Z1-K'Vn 

F i n a l l y ,  upon s u b s t i t u t i o n  f o r  t h e  q u a n t i t i e s  E 

and  F, e q u a t i o n  24 becomes, 

d 2 f ( G )  d f ( G )  rn-1 + nK'Vn'll 

8nK ,Vn-' [ 1+Yd ( R +  j XtZ1 ) 3 

dV N S ( Z ~ - K ' V ~ )  1 

( 2 4 )  

2.1.4.4 RATE OF CHANGE OF PHASE WITH CONTROL VOLTAGE 

The p h a s e  s e n s i t i v i t y  of t h e  ne twork  c a n  b e  

found  by t a k i n g  t h e  first d e r i v a t i v e  o f  t h e  p h a s e  

angle ,  9 , w i t h  r e s p e c t  t o  t h e  c o n t r o l  v o l t a g e , V c  (V) .  

From e q u a t i o n  8,  
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o r  4 - 8 + J I - P  

where 0 =  tan‘’ ( Z I - Z , )  

$= tan‘, (ImS/ReS) 

and s= z, . 
z p t z m t z g  

The d e r i v a t i v e  o f  t h e  phase s h i f t  w i t h  r e s p e c t  t o  

t h e  c o n t r o l  v o l t a g e  i s  found from, 

c & = ~ + d J I - c &  
d V  d V  d V  d V  

d e  = 0 
d V  
- b u t  

s i n c e  0 = - 9 0  degrees f o r  Z 1 >  Z2 

and 8 = t 90  degrees f o r  Z 1  <Z2 

The q u a n t i t y  S i s  not  a f u n c t i o n  of V 
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E q u a t i o n  31 becomes, 

9 = -9 = 
dV dV 

The p a r t i a l  d e r i v a t i v e s  w i l l  now be  found.  S t a r t i n g  

w i t h  e q u a t i o n  30, l e t ,  

A = 1 + R Y d  

B = R(2+RYd) 

c = Yd(jx+z1)  

D = 2 j X + Z 1 .  

E q u a t i o n  30 becomes, 

LB+C(jX+Z2)J 

D i f f e r e n t i a t i n g  e q u a t i o n  33, 
(34 )  

a p  = 1 A - AC(D+Z2) - 
aZ2 1+ [ D + Z ? ) A  p [B+C(JX+Zz) 

B+C(jX+Z2) 

ap = A[B+C(jX-D)] ( 3 5 )  - 
a Z 2  [B+C(jX+Z2)12 + [A(D+Z2)I2 

S u b s t i t u t i n g  t h e  q u a n t i e s  f o r  A,B,C, and D, e q u a t i o n  35 

becomes, 



Using e q u a t i o n  1 8 ,  which i s  

az2= nK'Vn'l 9 ( 3 8 )  

av 
- 

and e q u a t i o n  37 i n  e q u a t i o n  32, t h e  r e s u l t  i s  t h e  f i rs t  

d e r i v a t i v e  o f  t h e  phase  s h i f t  w i t h  r e s p e c t  t o  c o n t r o l  

v o l t a g e ,  
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2.1.5 RELATIONSEIP OF INSERTION LOSS AND PHASE SHIFT 

TO THE TRANSFORMER TURNS RATIO AND SOURCE AND 

LOAD IMPEDANCES 

2.1.5.1 INSERTION LOSS 

I n s e r t i o n  loss i s  d e f i n e d  as t h e  r a t i o  of t h e  

o u t p u t  power t o  t h e  i n p u t  power unde r  c o n d i t i o n s  of 

minimum c o n t r o l  ( A G C )  v o l t a g e .  The i n s e r t i o n  l o s s  was 

i n v e s t i g a t e d  f o r  three t r a n s f o r m e r  r a t i o s ,  F i g u r e s  4 ,  

5, and 6 show t h e  r e l a t i o n s h i p  between i n s e r t i o n  loss 

and t h e  r a t i o  of t h e  g e n e r a t o r  impedance ( Z  ) t o  t h e  
g 

g' 
d e t e c t o r  impedance ( Z  ) f o r  f o u r  v a l u e s  o f  Z d 

It c a n  be s e e n  f o r  t h e  r ange  of variables 

selected t h e  l o w e s t  i n s e r t i o n  l o s s  was a lways  o b t a i n e d  

f o r  t h e  smallest s o u r c e  impedance, Z and l o a d  imped- 

ance ,  Z d ,  

Z d =  25 ohms. The t u r n s  r a t i o  o f  N = 1 gave  a 

i n s e r t i o n  loss t h a n  e i t h e r  N= 0 , 3 O r  N= 2 .  

g' 
I n  t h i s  c a s e , t h e s e  were Z = 50 ohms and 

Q 
l ower  

The smallest  i n s e r t i o n  l o s s  was found t o  be 

18 db .  

2.1.5.2 OVERALL PHASE SHIFT 

The o v e r a l l  phase s h i f t  was d e f i n e d  t o  b e  t h e  

change i n  phase when t h e  a t t e n u a t i o n  i s  i n c r e a s e d  by 

40 db. f rom t h e  i n s e r t i o n  l o s s  v a l u e .  
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I n  F i g u r e  7, t h e  o v e r a l l  phase s h i f t s  are shown 

i n  terms of t h e  r a t i o  of t h e  g e n e r a t o r  t o  d e t e c t o r  

impedance f o r  t h e  same f o u r  v a l u e s  o f  Z and t h e  

three t r a n s f o r m e r  t u r n s  r a t i o s .  

It i s  a p p a r e n t  t h a t  t h e  c o n d i t i o n s  f o r  l o w e s t  phase 

s h i f t  are  q u i t e  d i f f e r e n t  from t h o s e  de t e rmined  f o r  

l owes t  i n s e r t i o n  l o s s .  

€3 

Wi th in  t h e  r a n g e  o f  v a r i a b l e s  chosen,  t h e  

smallest phase s h i f t  was ob ta ined  f o r  t h e  largest  

v a l u e s  o f  s o u r c e  impedance and l o a d  impedance. 

The l o w e s t  phase s h i f t  was o b t a i n e d  f o r  a t u r n s  r a t i o  

N o f  2. 

The smallest  phase s h i f t  was found t o  be 0 .2  degrees. 

2.1.5.3 OPTIMUM DESIGN 

It has been stated i n  S e c t i o n  1.1, t h a t  t h e  

proposed i o n o s p h e r i c  exper iment  r e q u i r e d  a s y s t e m  w i t h  

a n  o v e r a l l  phase s h i f t  o f  l e s s  t h a n  2 1 5  degrees, a 

maximum g a i n  o f  72 db. and a n  AGC s y s t e m  c a p a b l e  o f  

p r o v i d i n g  a c o n s t a n t  o u t p u t  w i t h i n  3 db. o v e r  a 

dynamic r a n g e  o f  60 db .  AGC is r e q u i r e d  o v e r  a r a n g e  

of 40 db. and s a t u r a t i o n  d i o d e s  may be used  beyond t h i s  

p o i n t .  
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It i s  desirable t o  k e e p  t h e  t o t a l  phase s h i f t  as  

small as p o s s i b l e ;  however, no p r a c t i c a l  pu rpose  i s  

s e r v e d  by d e c r e a s i n g  t h e  o v e r a l l  phase s h i f t  beyond 

abou t  2 degrees, t h e  m a x i m u m  r e s o l u t i o n  o f  t h e  

phase d e t e c t o r .  

The c r i t e r i a  f o r  smallest i n s e r t i o n  l o s s  and 

smallest phase s h i f t  a r e  no t  compa t ib l e  and a compromise 

must be made. 

One s u c h  compromise migh t  be one i n  which 

1. z / zd= 2 
g 

2.  zg 
3 .  N = 2  . 

= 250 ohms, and 

These parameters were chosen  because  f o r  any s o u r c e  

impedanc2 greater  t h a n  250 ohms t h e  i n s e r t i o n  loss 

i n c r e a s e s  by a t  l ea s t  1 0  db. ,and f o r  a s o u r c e  impedance 

less t h a n  250 ohms t h e  phase s h i f t  was greater t h a n  

2 degrees. 

The r a t i o  o f  Z 

a n  i n s e r t i o n  loss which was smaller by 6 db. t h a n . f o r  

Z / Z d =  1' and smaller by 1 0  db.  t h a n  f o r  zg/zdp 0.5 

L a s t l y ,  t h e  t r a n s f o r m e r  t u r n s  r a t i o  was chosen  on t h e  

t o  Zd was chosen as 2, s i n c e  i t  gave 

Q 

basis  of smallest phase s h i f t .  I n  t h i s  case a t u r n s  

r a t i o  N o f  2 produced a c a l c u l a t e d  phase s h i f t  of 

l e s s  t h a n  2 degrees. 
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2 . 1 . 6  TEMPERATURE EFFECTS AND STABILITY 

The t e m p e r a t u r e  s e n s i t i v e  components used  i n  

t h e  a t t e n u a t o r  a re  t h e  z e n e r  d i o d e s ,  t h e  c a p a c i t y  

d i o d e s  and t h e  b r idge  t r a n s f o r m e r ,  

2 . 1 . 6 . 1  ZENER DIODES 

One i m p o r t a n t  f u n c t i o n  o f  t h e  z e n e r  d i o d e s  i s  

t o  e n s u r e  t h a t  under  c o n d i t i o n s  o f  maximum AGC v o l t a g e  

t h e  b r i d g e  c i r c u i t  a lways  s t a y s  on t h e  r i g h t  s i d e  o f  

ba l ance .  I n  t h e  network c o n f i g u r a t i o n  used ,  z e n e r  

v o l t a g e  v a r i a t i o n  t e n d s  t o  se l f - compensa te  so  t h a t  t h e  

e f f e c t s  of  t e m p e r a t u r e  on t h e s e  d i o d e s  i s  minimized.  

However, t o  examine the"wors t -case"  c o n d i t i o n  i t  i s  

assumed t h a t  one z e n e r  d i o d e  i s  i d e a l ,  t h e  o t h e r  i s  

a p r a c t i c a l  d i o d e  and e x h i b i t s  t e m p e r a t u r e  s e n s i t i v i t y .  

The e f f e c t w a s  inves t iga5Gd  a t  a n  a t t e n u a t i o n  o f  40db. ,  

f o r  a t e m p e r a t u r e  v a r i a t i o n  o f  - 4 O o C ,  t o  +80°C. 

The s i l i c o n  z e n e r  d i o d e s  used a re  t e m p e r a t u r e  

compensated, Motoro la  t y p e  1N936A hav ing  a t e m p e r a t u r e  

c o e f f i c i e n t  o f  0.005%/°C,, and a z e n e r  v o l t a g e  

of 9 v o l t s  - +5 x .  
The e f f e c t  o f  v o l t a g e  v a r i a t i o n  m a n i f e s t s  

i t s e l f  i n  p roduc ing  a change i n  c a p a c i t a n c e  o f t h e  

c a p a c i t y  d i o d e  and t h e r e f o r e  a change i n  a t t e n u a t i o n ,  
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The c a p a c i t a n c e - v o l t a g e  r e l a t i o n s h i p  f o r  t h e  

c a p a c i t y  d i o d e  is g i v e n  by t h e  e q u a t i o n  

( 4 0 )  C = K V'n 

I m p l i c i t  d i f f e r e n t i a t i o n  of e q u a t i o n  40 y i e l d s ,  

n-l d V  ( 4 1 )  dC=-nK V' 

D i v i d i n g  e q u a t i o n  4 1  by equa t ion  40,  

- dC = -n E 
C v ( 4 2 )  

where C = d i o d e  c a p a c i t a n c e  

V = c a p a c i t y  d i o d e  c o n t r o l  v o l t a g e  

K = 205 X ~ O - 1 2  farad. ( v o i t s ) 2  

dV= f r a c t i o n a l  c o n t r o l  v o l t a g e  change - v 
dC= f r ac t lona lVCSD c a p a c i t a n c e  change.  - 

C 

For  a 1 2 0 O C .  t e m p e r a t u r e  change ( - 4 0 O C .  t o  +8OoC.), 

- dV= 0.6 % o r  54 mV.(equivalent v o l t a g e  (43) 
V 

change a t  9 v o l t s )  

S u b s t i t u t i o n  o f  e q u a t i o n  43 i n  e q u a t i o n  42 shows 

t h e  p e r c e n t a g e  c a p a c i t a n c e  change i s  
( 4 4 )  

dC= -0.265% o r  0.16 p f .  a t  40 db .  a t t e n u a t i o n .  - 
C 
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To see the effective attenuation change ( in 

decibels),equation 21 is rearranged to give, (45) 

df ( G )  = -8 e 68nKtVn { N S t G [  1tYd (RtjX+ZI )] 1 .dV , 
NS( Z1-K'V") V 

NUMERICAL EXAMPLE FOR OPTIMUM SYSTEM: 

n = 0.442 Z1= -340.3 ohms 

K'Vn= -339.3 ohms Zg= 250 ohms 

N = 2  Yd= 11125 mhos 

G = 7.63~10-~ dV= - 0,006 
V 

Upon substituting these values, equation 45 becomes, 

df(G) = - 151 dV/V (46) 

( 4 7 )  A e ( G )  = - 0,g db. for a 12OoC. change. 

A similar procedure may be used to find the 

phase sensitivity of the attenuator due to temp- 

erature variation. 

At an attenuation of 40 db,, the change in phase is 

given by equation 39 which is rearranged to yield, 

Using the parameter values from the previous example, 

the change in phase,Aff= 1.64~10-~degrees for a 12OoC. 

change in temperature. 
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2.1.6.2 C A P A C I T Y  DIODES 

Changes i n  temperature of- t h e  c a p a c i t y  

d i o d e s  produces  a change i n  a t t e n u a t i o n  and phase 

s h i f t  of t h e  network. 

The v o l t a g e  s e n s i t i v i t y  o f  t h e  c a p a c i t y  d i o d e s  

has been  shown, i n  Appendix A ,  t o  be dependent  upon 

b i a s  l e v e l .  

- To cxamine t h e  "worst-case" c o n d i t i o n  we 

assume one d i o d e  ideal  and the o t h e r  a p r a c t i c a l  

d i o d e .  The la rges t  t e m p e r a t u r e  s e n s i t i v i t y  o c c u r s  a t  

a b i a s  o f  0.5 v o l t s  and i s  equa l  t o  O , l % / ° C .  o r  

1 2 % /  1 2 o O c .  

The d e r i v a t i v e  o f  t h e  g a i n  f u n c t i o n  f o r  V= 0.5 v o l t s ,  

however, i s  q u i t e  small e.g., 

f o r  K9Vn= - j15.7 ohms Z 1 =  - j40 .3  ohms 

n = 0.442 Zg= 250 ohms 

N = 2  Yd' 1/125 mhos 

dV= 0.12 G = 1.84 ~ 1 0 ' ~  - 
V 

e q u a t i o n  45 becomes, 

d f ( G )  = -5.93 - d V  ( 4 9 )  
V 

Af(G) = -0.7 db. f o r  a 1 2 0 O C .  change. ( 5 0 )  

For t h e  o t h e r  c a s e  where t h e  s l o p e  of t h e  g a i n  

f u n c t i o n  i s  large ( 9  v o l t s  b i a s ) , t h e  t e m p e r a t u r e  

c o e f f i c i e n t  o f  t h e  c a p a c i t y  d iode  i s ,  
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( 1 /C ) (  dC/dT ) = 0.008$/~C. o r  0,98%/ i2O0C. 

Using e q u a t i o n  46, t h e  change i n  a t t e n u a t i o n  r e s u l t i n g  

from a v a r i a t i o n  i n  t e m p e r a t u r e  o f  1 2 0 ~ ~ .  i s  

Af(G) = -1.5 d b .  

The phase  s e n s i t i v i t y  due  t o  t e m p e r a t u r e  

e f f e c t s  o f  t h e  c a p a c i t y  d i o d e  upon t h e  network c a n  

b e  found by s u b s t i t u t i n g  t h e  v o l t a g e  s e n s i t i v i t i e s  

125$/12OoC. and 0.g8%/12O0C. i n t o  e q u a t i o n  48. 

The r e s u l t s  a r e  t h e  f o l l o w i n g :  

1 , A g  = 2.8 x10-l degrees for 12OoC. change 

a t  V= 0 . 5  v o l t s .  

2.A0 = 2.95 ~ 1 0 ' ~  d e g r e e s  f o r  120OC. change 

a t  V= 9 v o l t s .  
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2.2 EXPERIMENTAL PROCEDURE AND RESULTS 

2.2.1 MEASUREMENT OF ATTENUATION AS A F U N C T I O N  

OF CONTROL VOLTAGE 

A b lock  diagram of t h e  s y s t e m  used f o r  t h e  

measurement of t h e  a t t e n u a t i o n  is shown i n  F i g u r e  8. 

Matching "T1' networks were used t o  c o n t r o l  t he  

s o u r c e  and l o a d  impedances for  t h e  b r i d g e  network w h i l e  

m a i n t a i n i n g  t h e  p r o p e r  t e r m i n a t i n g  impedances f o r  t h e  

c a l i b r a t e d  a t t e n u a t o r  and t h e  r e c e i v e r .  

To f i n d  t h e  a t t e n u a t i o n  as a f u n c t i o n  o f  
I 

c o n t r o l  v o l t a g e ,  t h e  a t t e n u a t i o n  of the br idge c i r c u i t  

was v a r i e d  by means o f  t h e  c o n t r o l  v o l t a g e .  The change 

o f  t h e  cal ibrated a t t e n u a t o r  r e q u i r e d  t o  p r o v i d e  a 

c o n s t a n t  r e c e i v e r  o u t p u t  l e v e l  was measured. T h i s  was 

e q u a l  t o  t h e  change i n  t h e  a t t e n u a t i o n  of t h e  v o l t a g e  

c o n t r o l l e d  a t t e n u a t o r .  

The i n s e r t i o n  l o s s  was found by removing t h e  

a t t e n u a t o r  b r idge  and t h e  "T" networks from t h e  c i r c u i t  

and r e a d j u s t i n g  the  cal ibrated a t t e n u a t o r  t o  m a i n t a i n  

t h e  r e c e i v e r  o u t p u t  l e v e l  c o n s t a n t .  
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F i g u r e s  9, 1 0 ,  and 11 each  show, f o r  a g i v e n  t r a n s -  

former  t u r n s  r a t i o ,  t h e  measured and t h e o r e t i c a l  v a l u e s  

of  t h e  network as a f u n c t i o n  of c o n t r o l  v o l t a g e .  The 

a t t e n u a t i o n  i n d i c a t e d  f o r  Vc equal t o  z e r o  v o l t s  i s  

t h e  i n s e r t i o n  l o s s .  

The t h e o r e t i c a l  v a l u e s  were o b t a i n e d  u s i n g  

e q u a t i o n s  6 and 1 5  w i t h  a d i g i t a l  computer.  

Curves showing t h e  a t t e n u a t i o n  c h a r a c t e r i s t i c s  have 

been ex tended  beyond t h e  ba lance  v o l t a g e  by o m i t t i n g  

t h e  z e n e r  d i o d e ,  D3, i n  F i g u r e  1, t o  f a c i l i t a t e  t h e  

comparison w i t h  t h e  t h e o r e t i c a l  r e s u l t s .  I n  p r a c t i c e  

t h i s  d i o d e  would p r e v e n t  Vc, t h e  c o n t r o l  v o l t a g e ,  f rom 

exceeding  t h e  b a l a n c e  v a l u e  o f  9.5 v o l t s .  

It is a p p a r e n t  t h a t  t h e  agreement between t h e  

t h e o r e t i c a l  v a l u e s  i s  w i t h i n  t h e  e x p e r i m e n t a l  t o l e r -  

a n c e s  o f  approximate ly  fl db.  
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2.2,2 OVERALL PHASE SHIFT MEASUREMENT 

Because o f  t h e  ve ry  small phase  s h i f t s  i n t r o -  

duced by a s u i t a b l y  des igned  br idge a t t e n u a t o r ,  great 

c a r e  had t o  be t a k e n  i n  t h e  method o f  phase measure- 

ment. 

It was found, f o r  example, t h a t  t h e  r e c e i v e r  phase 

s h i f t  was ampl i tude  dependent ,  Because o f  these e f f e c t s  

i t  was dec ided  t o  employ t h e  s y s t e m  shown i n  F i g u r e  1 2 .  

I n  t h i s  s y s t e m  t h e  d i f f e r e n c e  i n  phase i s  measured 

between two p o i n t s  on e i the r  s i d e  o f  t h e  b a l a n c e  p o i n t  

a t  which t h e  a t t e n u a t i o n  i s  the  same. I n  t h i s  way t h e  

s i g n a l  l e v e l s  i n  a l l  parts of  t h e  c i r c u i t  are t h e  

sameo T h i s  d i f f e r e n c e  i n  phase s h i f t  can  t h e n  be 

compared w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  t o  v e r i f y  

t h e  c o r r e c t n e s s  of t h e  theory .  

The phase compara tor  used i s  d e s c r i b e d  i n  de t a i l  i n  

Appendix B ,  The phase r e s o l u t i o n  of t h i s  measur ing  

s y s t e m  i s  - 9 3  degrees at  54mc/s. 
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The phase s h i f t  measurements were made f o r  a 

g e n e r a t o r  w i t h  twice t h e  d e t e c t o r  impedance, s i n c e  i n  

t h e  optimum s y s t e m  t h i s  r a t i o  was used .  

Comparison between t h e  t h e o r e t i c a l  and t h e  measured 

I v a l u e s  o f  o v e r a l l  phase s h i f t  are shown i n  Table  1. 

TABLE 1 

Source  Load Turns  C a l c u l a t e d  Measured 
Imp edanc e Impedance R a t i o  Phase S h i f t  Phase S h i f t  
Z g (ohms) z d ( o m s )  N AflC(dee.) AS,(deg. 1 

50  

250  

1000 

5000 

50 

250 

1000  

5005) 

50 

250 

1000 

5000 

25  

1 2 5  

500 

2500  

25  

1 2 5  

5 3 0  

2500 

25 

1 2 5  

500 

2500 

2 

2 

2 

2 

1 

1 

1 

1 

0.3 

0.3 

0.3 

0.3 

183  

1 8 2  

180.8 

180.2 

1 9 0  

1 8 4  

1 8 1  

180.2 

194 

1 8 5  

181.8 

180.3 



2 . 2 . 3  OPTIMUM SYSTEM PERFORMANCE TESTS 

F i g u r e  1 3  shows a t t e n u a t i o n  as  a f u n c t i o n  o f  

c o n t r o l  v o l t a g e  f o r  t h e  optimum s y s t e m  g i v e n  i n  

S e c t i o n  2 .1 .5 .3 ,  T h e  measured v a l u e  of 30 d b . i n s e r -  

t i o n  loss f o r  t h e  c a s e  when Vc=O v o l t s ,  was o b t a i n e d  

i n  agreement w i t h  t h e  t h e o r e t i c a l  v a l u e .  Up t o  40db .  

a d d i t i o n a l  a t t e n u a t i o n ,  t h e  t h e o r e t . i c a l  and measured 

v a l u e s  were w i t h i n  t h e  experimerital  t c l e r a n c c  o f  ,+ 1 db, 

Close t o  t h e  b r i d g e  b a l a n c e  v a l u e  o f  V = 9 . 5  v o l t s ,  i t  

i s  noted  t h a t  t h e  r a t e  o f  change o f  a t t e n u a t i o n  w i t h  
C 

c o n t r o l  v o l t a g e  i s  v e r y  l a r g e  and in p r a c t i c e  i t  was 

not found p o s s i b l e  t o  make a c c u r a t e  measurements w i t h i n  

1 / 2  v o l t  o f  t h i s  p o i n t .  

F i g u r e  14 i s  a g r a p h  of  t h e  o v e r a l l  phase  s h i f t  

as  a f u n c t i o n  o f  c o n t r o l  v o l t a g e  f o r  t h e  optimum sys tem.  

Due t o  t h e  measur ing  t e c h n i q u e  and t h e  - +3 degrees  phase  

r e s o l u t i o n  o f  t h e  p h a s e  measur ing  s y s t e m ,  a s i n g l e  

v a l u e  o f  measured phase change i s  shown which d e s c r i b e s  

t h e  o v e r a l l  phase  s h i f t  found u s i n g  t h e  method o u t l i n e d  

i n  S e c t i o n  2 . 2 , 2  . It c a n  b e  s e e n  from F i g u r e  15 t h a t  

t h e  r a t e  o f  change o f  phase s h i f t  is g r e a t e s t  f o r  

sma l l  v a l u e s  o f  c o n t r o l  v o l t a g e ,  The t h e o r e t i c a l  v a l u e s  

f o r  t h e  phase shir t  were c a l c u l a t e d  u s i n g  e q u a t i o n s  

8 and 3 g 0  It was no ted  i n  S e c t i o n  2 . 1 . 2  t h a t  unba lance  

i n  t h e  c a p a c i t y  d i o d e s  may produce  an  e x t r a  phase  s h i f t  

i n  t h e  r e g i o n  o f  maximum a t t e n u a t i o n .  Because of t h e  
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low l e v e l s  i nvo lved  i t  was no t  found p o s s i b l e  t o  

make a c c u r a t e  phase  measurements i n  t h i s  r e g i o n  and 

i n s t e a d  t h e  r e l a t i o n  between t h e  maximum a t t e n u a t i o n  

and phase  s h i f t  g i v e n  on Page 1 4  was u s e d ,  

With a t y p i c a l  p a i r  o f  s i l i c o n  d i o d e s  a maximum 

a t t e n u a t i o n  o f  63db, above t h e  i n s e r t i o n  l o s s  v a l u e  was 

o b t a i n e d ,  T h i s  c o r r e s p o n d s  t o  a v o l t a g e  r a t i o  a t  t h e  

40db.  p o i n t  o f  1 4 . 1  and a phase  s h i f t  o f  4 , l  d e g r e e s .  

By choos ing  matched d i o d e s  t h i s  phase a n g l e  cou ld  b e  

reduced b y  a t  l e a s t  a f a c t o r  o f  4 .  

F i g u r e  16  i s  t h e  b lock  diagram f o r  t h e  measure- 

men t  of t h e  d e r i v a t i v e  o f  t h e  a t t e n u a t i o n  w i t h  r e s p e c t  

t o  t h e  c o n t r o l  v o l t a g e ,  I n  t h i s  t e s t  t h e  c o n t r o l  v o l t -  

age was modulated a t  a f r equency  o f  500c/s ,  T h i s  

f requency  was chosen  t o  b e  low enough t o  b e  w i t h i n  

t h e  I . F ,  and AGC bandpass  l i m i t s  o f  t h e  r e c e i v e r .  

The modulated r e c e i v e r  AGC v o l t a g e  i s  p r o p o r t i o n a l  t o  

t h e  s l o p e  o f  t h e  b r i d g e  a t t e n u a t i o n  c u r v e  a b o u t  any 

p o i n t  chosen  by Vc,  p rov ided  t h e  R.F, i n p u t  l e v e l  t o  

t h e  r e c e i v e r  i s  c o n s t a n t o  I n  F i g u r e  1 7 ,  t h e  r a t e  o f  

i 
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change of a t t e n u a t i o n  i s  shown as a f u n c t i o n  o f  

c o n t r o l  v o l t a g e .  The t h e o r e t i c a l  v a l u e s  were o b t a i n e d  

u s i n g  e q u a t i o n  2 1  and t h e  parameters o f  t h e  network 

s e l e c t e d  i n  S e c t i o n  2.1.5.3 . It i s  a p p a r e n t  t h a t  t h e  

measured and t h e o r e t i c a l  va lues  are i n  good agreement .  

The t h e o r e t i c a l  v a l u e s  f o r  t h e  second d e r i v a t i v e  

of  t h e  a t t e n u a t i o n  w i t h  r e s p e c t  t o  c o n t r o l  v o l t a g e  

have been c a l c u l a t e d  u s i n g  e q u a t i o n  25 and a re  shown 

i n  t h e  g raph  o f  F i g u r e  18. T h i s  f i g u r e  has been inc luded  

f o r  convience  i n  d e t e r m i n i n g  t h e  s l o p e  of t h e  f i r s t  

d e r i v a t i v e ;  no measurement was made. 



i 

0 
w 
t- a 



- 55 - 
2.2.4 TEMPERATURE MEASUREMENTS 

S i n c e  t h e  br idge  a t t e n u a t o r  is t o  b e  a par t  

o f  a r o c k e t  payload ,  a t empera tu re  r a n g e  o f  -4OOC.  t o  

+ 8O0c., which exceeds  t h e  payload t es t  s p e c i f i c a t i o n s ,  

was used  f o r  t h e  measurements.  

2 .2 .4 .1  CAPACITY DIODE 

The t e m p e r a t u r e  t es t  f o r  a t y p i c a l  V-100 Var i cap  

d i o d e  ( V S C D )  was conducted using  t h e  sys tem shown i n  

t h e  b l o c k  diagram o f  F i g u r e  19A. 

The q i l a n t i t y  o f  i n t e r e s t  i n  t h i s  measurement I s  

t h e  t e m p e r a t u r e  c o e f f i c i e n t  because it i s  t h i s  term 

tha t  i s  used i n  c a l c u l a t i n g  t h e  a t t e n u a t i o n  and phase 

s e n s i t i v i t i e s .  F i g u r e  20 shows t h e  comparison of t h e  

t h e o r e t i c a l  and measured t e m p e r a t u r e  c o e f f i c i e n t s  as 

a f u n c t i o n  o f  c o n t r o l  v o l t a g e  f o r  t h e  same t y p i c a l  

c a p a c i t y  d i o d e .  

2 .2 .4 .2  BRIDGE TRANSFORMER 

A b lock  diagram f o r  t h e  t r a n s f o r m e r  t e m p e r a t u r e  

t e s t  i s  shown i n  F i g u r e  19B. The r e s u l t s  o f  t h i s  t e s t  

y i e l d  t h e  f o l l o w i n g  t e m p e r a t u r e  s e n s i t i v i t i e s :  

Fo r  Qo= WL /Rs a t  25mc/s 

AQo= 0.076%/°C. 

AL = 0.039%/°C. 

ARs= 0 . 1 2 % / O C .  

The t r a n s f o r m e r  parameters a s - a  f u n c t i o n  of t e m p e r a t u r e  

are shown i n  F i g u r e  21. 



% r 
'T 

- n z  
'5 

a 



n 

0 
0 
\ 

I# 
Y 

I- z w 
Y 
LL 
LL w 
8 

G 
W 

3 
a 

a 
W a z 
W 
I- 

0.IC 

0. Ok 

0.01 

C 

- 57 - 

- CALCULATED 

0 MEASURED 

V -  100 DIODE 

0 

I 
I IO 

' k t  - ' - . . I  

0.5 
Vc (VOLTS) 

V S C 0 TEMPERATURE COEFFlClENT 
VS. CONTROL VOLTAGE 

FIGURE 2 0  



Q 
U 
0 
k 

z 
0 
a 

#" 
v) z 
Q 
3 

n 
W 
CI 
d 

z 
3 

0 
CY 

3 
c 

v, 
v) w 
U 

0 
Q 

In a 

OO 

(S W HO) ' t p  

0 
a0 

In 
!2 

(D 
a! 
0 

<u 
a! 
0 

0 

2 



- 59 - 
S i n c e  &,is on t h e  o r d e r  o f  185  a t  25mc/s and 

55 a t  72mc/s f o r  TI 26'C., R 

v a r i a t i o n  of t h e  e f f e c t i v e  series r e s i s t a n c e  w i t h  

t e m p e r a t u r e  c a n  be n e g l e c t e d .  

WL and t h e r e f o r e  t h e  
S 

The t o t a l  change in i n d u c t a n c e  is 4.7% f o r  a 

120OC. v a r i a t i o n .  Using e q u a t i o n s  4 and 8, It is 

found tha t  t h e  r e s u l t a n t  change i n  a t t e n u a t i o n  I s  

0 . 1  db . ,whi le  t h e  change i n  phase i s  1 . 2 ~ 1 0 ~ ~  degrees 

produced by t e m p e r a t u r e  e f f e c t s  on t h e  br idge t r a n s -  

farmer . 
2.2.4.3 COMPLETE ATTENUATOR SYSTEM 

Temperature  c y c l i n g  t h e  e n t i r e  br idge a t t e n u a t o r  

network o v e r  t h e  120OC. r a n g e  r e v e a l s  t h e  f o l l o w i n g :  

1. The measured change of a t t e n u a t i o n  a t  a 

c o n t r o l  v o l t a g e  o f  9 v o l t s  (-40 db . )  was 

-2.7 db.  The c a l c u l a t e d  change of a t t e n u a t i o n  

c o n s i s t e d  o f  two sources ;  -0.gdb. due t o  

z e n e r  d i o d e  t empera tu re  e f f e c t s  and -1.5db. 

p r e d i c t e d  from t empera tu re  c o n s i d e r a t i o n s  of 

t h e  c a p a c i t y  d i o d e .  The t o t a l  c a l c u l a t e d  

change, t h e n ,  was -2.4db. 

2. For  a c o n t r o l  v o l t a g e  of  0.5 v o l t s  (Odb.),  

t h e  c a l c u l a t e d  change of a t t e n u a t i o n  was -0.7 

db.;  No change i n  a t t e n u a t i o n  was observed  i n  

t h e  t e m p e r a t u r e  t e s t  . 
The e x p e r i m e n t a l  accu racy  f o r  t h i s  exper iment  was t l d b .  
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3. SUMMARY AND C O N C L U S I O N S  

A v o l t a g e  c o n t r o l l e d  a t t e n u a t o r  was a n a l y z e d  

t o  de t e rmine  t h e  r e l a t i o n  between t h e  c o n t r o l  v o l t a g e  

and t h e  a t t e n u a t i o n  and phase s h i f t .  

The f a c t o r s  which a f f e c t  t h e  r e l a t i o n s h i p  of  

t h e  i n s e r t i o n  l o s s  and phase  s h i f t  were i n v e s t i g a t e d ,  

It was found t h a t  t h e  minimum phase  s h i f t  and mlnimum 

i n s e r t i o n  l o s s  were n o t  o b t a i n e d  f o r  t h e  same parameters. 

Within t h e  r a n g e  i n v e s t i g a t e d ,  i t  was found t h a t  t h e  

minimum i n s e r t i o n  l o s s  was o b t a i n e d  for t h e  smallest  

sou rce  and l o a d  impedances and a t r a n s f o r m e r  t u r n s  r a t i o  

of one. The lowes t  i n s e r t i o n  l o s s  f o r  a n  i n p u t  impedance 

o f  50 ohms a n d  a l o a d  imgedance o f  25  ohms was 18 d b .  

Under t h e s e  c o n d i t i o n s  The ~ h a s e  shift was c a l c u l a t e d  

t o  b e  10 d e g r e e s .  

T h e  smal les t  Dhase s h i r t  was foiAnd i o  be o b t a i n e d  f o r  

t h e  l a r g e s t  s o u r c e  and l o a d  imnedances I n  t h e  r a n g e  and 

f o r  a t u r n s  r a t i o  o f  2 ,  The  smallest  phase  s h i f t  f o r  a n  

i n p u t  impedance o f  5000  ohms ar,d a l o a d  impedance of 

2500  ohms was found to b e  0,2 degrees ,  However, under  

t h e s e  c o n d i t i o n s  t h e  i n s e r t i o n  l o s s  was 55 d b .  
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It was t h e r e f o r e  necessa ry  t o  s e l e c t  a n  

optimum c o n f i g u r a t i o n  t o  o b t a i n  r e a s o n a b l e  v a l u e s  o f  

i n s e r t i o n  loss wi thou t  degrading  t h e  phase c h a r a c t e r -  

i s t i c s  o f  t h e  o v e r a l l  sys t em.  The optimum s y s t e m  chosen 

had a n  i n p u t  impedance of  250 ohms , a l o a d  impedance 

o f  125 ohms and a t u r n s  r a t i o  of 2 .  With these v a l u e s  

an  o v e r a l l  phase s h i f t  of  2 degrees f o r  a 40 db. change 

i n  a t t e n u a t i o n  was o b t a i n e d  w i t h  a n  i n s e r t i o n  loss  of 

30 db. 

The temperature c h a r a c t e r i s t i c s  o f  t h e  c i r c u i t  

were i n v e s t i g a t e d .  The network s e n s i t i v i t y  t o  changes 

i n  c o n t r o l  v o l t a g e  was determined first; t h e n ,  t h e  

changes i n  c o n t r o l  v o l t a g e  were found i n  terms o f  t h e  

t e m p e r a t u r e  c o e f f i c i e n t s  f o r  t h e  z e n e r  d i o d e s  and t h e  

c a p a c i t y  d i o d e s .  

It was found t h e o r e t i c a l l y  t h a t  t h e  major  s o u r c e s  Of 

var:2F;ian were t h e  temperature c o e f f i c i e n t s  o f  t h e  zene r  

d i o d e s  and t h e  c a p a c i t y  diodes.  For t h e  optimum s y s t e m  

these c o l l e c t i v e l y  produced a 2.4 db. change i n  a t t e n u a -  

t i o n  as t h e  t e m p e r a t u r e  was changed from -4OOC. t o  +80OC. 

O f  t h i s  change i t  was found that 1.5 db. was due  t o  t h e  
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c a p a c i t y  d i o d e s  and 0.9 db .  was due  t o  t h e  z e n e r  d i o d e s .  

A p r a c t i c a l  measurement on a comple te  c i r c u i t  showed a 

t o t a l  a t t e n u a t i o n  s h i f t  of 2.7 21 db.  

The optimum s y s t e m  may be compared w i t h  tha t  

d e s c r i b e d  by H u r t i g  (1955)  i n  which t h e  a t t e n u a t i o n  was 

c o n t r o l l e d  by a d i o d e  e x t e r n a l  t o  t h e  t r a n s i s t o r .  I f  we 

assume t h e  same r e c e i v e r  bandwidth of 1.4mc/s, t h e  

v o l t a g e  c o n t r o l l e d  b r i d g e  a t t e n u a t o r  would p roduce  a 

c e n t e r  f r equency  s h i f t  o f  93c/s  compared w i t h  t h e  v a l u e  

of 72kc/s  o b t a i n e d  by H u r t i g ,  With t h e  b r idge  network 

t h e  bandwidth would b e  e f f e c t i v e l y  unchanged, s i n c e  i t  

is untuned ,  whereas t h e  c i r c u i t  b y  H u r t i g  produced 

a kOkc/s v a r i a t i o n  f o r  a s imilar  change o f  a t t e n u a t i o n .  

S e l i g a  ( 1 9 6 1 )  has shown, i n  h i s  d i s c u s s i o n  of 

forward and r e v e r s e  AGC, a phase s h i f t  o f  70  degrees f o r  

r e v e r s e  AGC and a 60 degree phase s h i f t  f o r  fo rward  AGC 

o c c u r s  i n  a n  l l m c / s  a m p l i f i e r  f o r  a 30 d b ,  change of 

a t t e n u a t i o n ,  I n  comparison,  t h e  b r i d g e  a t t e n u a t o r  would 

produce 2. 3 . 2  d e g r e e  phase s h i f t  f o r  a 30 d b .  change of 

a t t e n u a t i o n .  
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APPENDIX A 

THE VOLTAGE SENSITIVE CAPACITY D I O D E  

A l .  VOLTAGE SENSITIVITY 

The v o l t a g e  s e n s i t i v i t y  of a PN j u n c t i o n  d i o d e  

u s u a l l y  f o l l o w s  t h e  power r e l a t i o n s h i p  C =K/(Vc+Vb) , 
where K i s  t h e  c o n s t a n t  of p r o p o r t i o n a l i t y  

n 

Vc i s  t h e  r e v e r s e - b i a s  v o l t a g e  and 

vb i s  t h e  j u n c t i o n  c o n t a c t  p o t e n t i a l .  

The exponent  r, depends  upon t h e  geometry of t h e  

d i o d e  j u n c t i o n .  

G i a c o l e t t o  (1956)  e t  a l . , h a v e  shown that  t h e  

l i n e a r l y  graded j u n c t i o n  has a c a p a c i t a n c e  which 

v a r i e s  i n v e r s e l y  w i t h  t h e  cube r o o t  o f  t h e  a p p l i e d  

bias. The v a r i a t i o n  o f  c a p a c i t a n c e  w i t h  v o l t a g e  f o r  a n  

a b r u p t  j u n c t i o n  follows a n  i n v e r s e  s q u a r e  r o o t  r e l a t i o n -  

s h i p .  

Type V-100 s i l i c o n  d i o d e s  produced by P a c i f i c  

Semiconductor ,  Inc . ,  se lec ted  t o  be used  in t h e  br idge 

a t t e n u a t o r  network, are o f  t h e  a b r u p t  j u n c t i o n  t y p e .  

L a b o r a t o r y  tests r e v e a l ,  however, t h a t  these d i o d e s  do  

n o t  e x a c t l y  f o l l o w  t h e  i n v e r s e  squa re  r o o t  r e l a t i o n s h i p .  
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A graph  of d i o d e  c a p a c i t a n c e  v e r s u s  bias v o l t a g e  f o r  a 

t y p i c a l  V-100 d i o d e  i s  shown i n  F i g u r e  22. 

A l so  shown is t h e  c a p a c i t a n c e  v a r i a t i o n  f o r  t h e  

i n v e r s e  s q u a r e  r o o t  and i n v e r s e  cube r o o t  r e l a t i o n s h i p  

o f  a PN d i o d e .  

The exponent  n of t h e  v o l t a g e  s e n s i t i v e  

c a p a c i t o r  was found t o  b e  0 . 4 4 2  and t h e  p r o p o r t l o n -  

a l i t y  c o n s t a n t  K , was 205 x10 f a r a d s ( v o l t )  a442 

It c a n  a l so  be  s e e n  from t h i s  g raph  t h a t  t h e  

c a p a c i t a n c e  s e n s i t i v i t y  d e c r e a s e s  a t  lower  v o l t a g e s  

b e c a u s e  o f  t h e  i n t e r n a l  c o n t a c t  p o t e n t i a l .  

-12 

was to  'min The v a r i a t i o n  of c a p a c i t y  Cnax 

found t o  be 3.5 f o r  a 16  v o l t  change o f  bias. 

A 2  POWER LOSSES I N  THE CAPACITY D I O D E  

The i n t e r n a l  ser ies  r e s i s t a n c e  due t o  t h e  

semiconduc to r  material  o f  t h e  PN j u n c t i o n  is t h e  

ma jo r  loss f a c t o r  of t h e  d i o d e ,  

S i n c e  t h e  series r e s i s t a n c e  and c a p a c i t a n c e  

a re  f r e q u e n c y  i n v a r i a n t ,  a f i g u r e  of meri t  Q may 

b e  d e f i n e d  as 

Q= 1/ wCR, ( A - 1 )  

where C= v o l t a g e  v a r i a b l e  c a p a c i t a n c e  

w- r ad ian  f r equency  and 

R =  i n t e r n a l  se r ies  r e s i s t a n c e .  

A t  50 mc/s, Q= 11. 
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F i g u r e  23 shows t h e  v a r i a t i o n  o f  Q w i t h  bias  v o l t a g e  f o r  

f r e q u e n c i e s  of 512 kc /s ,  6mc/s, 12mc/s, 54mc/s, and 

72mc/s. 

Using e q u a t i o n  1, t h e  e q u i v a l e n t  series resis- 

t a n c e  i s  g i v e n  by: 

R= 1/ wCQ (A-2 1 
f o r  c= 73.5 p f .  

Q= 11, and 
8 u= 3.39 x10 rad/ see. 

R- 4 ohms ( A - 3 )  

A 3  THERMAL PROPERTIES 

The thermal s e n s i t i v i t y  o f  t h e  c a p a c i t y  d i o d e  

i s  a t t r i b u t e d  t o  i t s  i n t e r n a l  c o n t a c t  p o t e n t i a l ,  Vb. 

To see how t e m p e r a t u r e  a f f e c t s  t h e  d i o d e ,  c o n s i d e r  t h e  

f o l l o w i n g  equat ion15for  a PN j u n c t i o n :  

= KT In AJ (A-4 1 'b - 
9 n f 

where Vb= c o n t a c t  p o t e n t i a l  

K = Boltzman's  c o n s t a n t  

T = Abso lu te  temperature, 'K. 

q = e l e c t r o n  charge 

A = Acceptor  i m p u r i t y  c o n c e n t r a t i o n  

D = Donor i m p u r i t y  c o n c e n t r a t i o n  
I 

ni= i n t r i n s i c  c o n c e n t r a t i o n .  
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Dete rmina t ion  o f  c o n t a c t  v o l t a g e  v a r i a t i o n  w i t h  

t e m p e r a t u r e  can  b e  found u s i n g  e q u a t i o n  4 .  The o n l y  

unknown i n  t h i s  e q u a t i o n  i s  t h e  p roduc t  AD; t o  deduce 

t h i s  p r o d u c t ,  V must be known a t  some t e m p e r a t u r e .  

The f i r s t  s t e p ,  t h e n ,  i s  t o  f i n d  t h e  c o n t a c t  
b 

p o t e n t i a l ,  vb ,  a t  26' C .  It c a n  be  seen from F i g u r e  2 2  

t h a t  t h e  c a p a c i t a n c e  f o l l o w s  t h e  r e l a t i o n s h i p  

where K = p r o p o r t i o n a l i t y  c o n s t a n t  

V = r e v e r s e - b i a s  v o l t a g e  

vb= c o n t a c t  p o t e n t i a l  

n = t h e  s l o p e  o f  t h e  C a p a c i t a n c e  v s .  

C 

c u r v e .  

From e q u a t i o n  5 ,  

K/ C - vc . 

To 1 

( A - 5 )  

;age 

(A-6)  

The f o l l o w i n g  numer i ca l  v a l u e s  a re  from F i g u r e  2 2  : 
0.442 

K = 205 x l 0 - l 2 f a r a d s  ( v o l t )  

C = 188 x l O - l 2 f a r a d s  a t  Vc=0.5 v o l t s  

V = 0.5  v o l t s  
C 

n = 0 .442  

C a l c u l a t i n g  v u s i n g  e q u a t i o n  6,  
b 
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The p roduc t  AD i s  n o t  t e m p e r a t u r e  dependent  

and can  be found u s i n g  e q u a t i o n  4, which i s  r e a r r a n g e d  

t o  y i e l d ,  
2 I n  AD= V!, Q + I n  ni * 

kT 

S u b s t i t u t i n g  t h e  f o l l o w i n g  v a l u e s ,  
0 

Vb= 0.715 v o l t s  a t  26 C ,  

k = 1.38 x ~ O ' * ~  joule/OK, Bol tzman ' s  c o n s t a n t  

q = 1.6 ~ 1 0 ' ~ ~  coulombs 

T = 300°K 

2= 1.5 T3 exp -14,00O/T, f o r  S i l i c o r  (15). "i and 

Equation 8 becomes, 

I n  AD = 74.6 ( A - 9 )  

A t  any t e m p e r a t u r e ,  e q u a t i o n  4 becomes, 

Vb= [14,00O/T -31n T - 1.91 (A-10)  
9 

The i n t e r n a l  c o n t a c t  p o t e n t i a l  var ies  from 0.715 
0 

v o l t s  a t  26 C .  t o  0.62 v o l t s  a t  80°C. and t o  0,849 

v o l t s  a t  -4OOC.  T h i s  r e s u l t s  i n  an  a p p r o x i m a t e l y  

l i n e a r  t e m p e r a t u r e  s e n s i t i v i t y  of a b o u t  O . l % / ° C .  a t  

0 .5  v o l t s  b i a s , a b o u t  O.O38%/OC. a t  4 v o l t s  b i a s  and 

becoming n e g l i g i b l e  a t  h i g h e r  v o l t a g e s  , 
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APPENDIX B 

DESCRIPTION OF THE 54MC/S PHASE COMPARATOR 

The phase  compara tor  used  f o r  t h e  measure- 

ments d e s c r i b e d  was d e s i g n e d  b y  Space Craft  I n c . ,  

H u n t s v i l l e ,  Alabama. 

A s chemat i c  diagram o f  t h e  phase compara tor  

i s  shown i n  F i g u r e  24 and i t s  e q u i v a l e n t  c i r c u i t  i n  

F i g u r e  25.  It may be noted  i n  F i g u r e  25 t h a t  el and 

e 2 are t o  be compared i n  phase and e p > e  2 '  

The r e s u l t a n t  sum of  t h e  v o l t a g e  a p p r o x i m a t e l y  equals  

el+e2 c o s  0 ;  t h e  c o n t a c t  p o t e n t i a l s  of  t h e  d i o d e s  

c a n c e l .  An a d d i t i o n a l  d i o d e  i s  used t o  p r o v i d e  t h e  

q u a d r a t u r e  o u t p u t .  

Two a d j u s t a b l e  r e s i s t o r s  a re  used  t o  b a l a n c e  

t h e  b a c k  r e s i s t a n c e  o f  t h e  d i o d e s , r e s u l t i n g  i n  a n  

ave rage  o u t p u t  v o l t a g e  o f  z e r o  v o l t s .  

The 2 45 degree phase s p l i t t e r  f o r  e 2  i s  

a r r anged  s o  t h a t  t h e  i n p u t  i s  50 ohms r e s i s t i v e .  

T rans fo rmer  T l ,  i s  a h igh  Q t o r o i d  w i t h  a 

v o l t a g e  s tep-up  r a t i o  so as  t o  make ep>e2. 

The d o c .  o u t p u t  v o l t a g e s  o f  t h i s  compara tor  

may b e  d i s p l a y e d  on a n  o s c i l l o s c o p e  t o  p r o v i d e  a p o l a r  

p l o t  of t h e  phase a n g l e  between el and e2 .  
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